in the SEER registry for their ability to operate a population-based cancer registry and for their diverse population subgroups. The first year in which data were available was 1973; by 1991 the data reflect patients from five states (Connecticut, Hawaii, Iowa, New Mexico, and Utah) and four metropolitan areas (Detroit, Atlanta, San Francisco-Oakland, and Seattle-Puget Sound). These geographic areas constitute 9.5% of the total United States population. 10 To perform our analysis, we requested and received the SEER public use data set. This data set includes selected items on individuals (tumor description, information on the first therapeutic intervention, follow-up results, and demographic data) that allow the estimation of incidence and survival rates for patients with all cancers, without containing any personal identifiers. Because these data are limited to the first treatment of the disease, analyses by treatment were not attempted.
Data Selection
For this study, 24,553 patients diagnosed between 1973 and 1991 with brain and central nervous system (CNS) tumors were selected by using the following International Classification of Diseases for Oncology (ICDO) topography codes: all of the brain, 191.0-191.9; other and unspecified parts of the nervous system, 192.0-192.9; pituitary, 194.3; and pineal region, 194.4. Because our primary focus was on survival of patients with primary malignant tumors, we excluded 388 patients (1.6%) with uncertain or benign behavior codes. We also excluded 1293 patients (5.3%) with a history of any previous cancer and 346 patients (1.4%) who developed subsequent cancer because these patients' overall survival is likely to be compromised by additional disease. This selection process provided a study sample of 22,526 patients who were diagnosed with primary malignant brain tumors between 1973 and 1991 and who had no previous or subsequent cancer diagnosis.
Tumor Classification
Tumors were classified by histological type based on ICDO morphology codes: glioblastoma multiforme (GBM; 9440-9442), meningioma (9530-9539), astrocytoma (9400-9421), medulloblastoma (9470-9473), nerve sheath tumors (9540-9570), hemangioma (9120-9161), ependymoma (9391-9394), oligodendroglioma (9450-9461), mixed glioma (9382), other gliomas (9380-9381), craniopharyngioma (9350), pineal tumor (9360-9362), lymphoma (9590-9591, 9600-9639, and 9670-9710), not otherwise specified (NOS) (8000-8009), and other (all remaining ICDO morphology codes). 29 The SEER program collects data only on primary malignant tumors; therefore, we excluded three histological groups-meningiomas, nerve sheath tumors, and hemangiomas-that would not be well represented because they contain a high proportion of benign tumors. This final exclusion (579 cases) resulted in a total sample of 21,947 malignant cases diagnosed over the 18-year period.
Patient Age Groups
The study population was further divided into children (≤ 20 years at diagnosis), younger adults (21-64 years), and older adults (≥ 65 years), reflecting the fact that brain tumors in children have distinct histological characteristics with a unique response to treatment and that clinical studies indicate patient survival rates vary by age at diagnosis. Adults were separated into two age groups because mortality and incidence rates in older adults have increased more rapidly than in younger adults. 7, 9 The older adult group also corresponds to the age at which patients become eligible for universal health insurance, or Medicare, in the United States, a factor that is thought to have influenced the increasing rates in this group.
Time Periods
To facilitate the assessment of potential changes in survival rates over time, three time periods were defined according to the year of diagnosis : 1973 to 1980, 1981 to 1985, and 1986 to 1991. The first covers a time period in which diagnostic procedures were changing. The last two periods divide the decade fairly evenly, with current sur-F. G. Davis, et al. vival rates reflected by the last time period. Advances in diagnostic procedures in the mid-to late 1970s and the early 1980s-specifically the introduction of the computerized tomography and magnetic resonance imagingmay have affected postdiagnosis survival by allowing the diagnosis of cases at an earlier stage of the disease process. 25 As such, for each tumor type the mean age of patients at diagnosis was estimated within each age group for each time period. For those patient age-tumor type groups that demonstrated a statistically significant change in the mean patient age at diagnosis over time, survival estimates adjusted for age at diagnosis were computed and reported.
Data Analysis
The distribution of survival time from diagnosis to death was estimated using life tables with 1-month intervals. 15 Two-and 5-year rates were estimated overall, by gender and by age of the patient at diagnosis, for each histological group that had at least 20 observed deaths (this restriction prevented the reporting of imprecise estimates and limited the results presented for lymphoma and pineal tumors, the least common tumors). Within each histological tumor type and 5-year patient age group, the Cox proportional hazards regression model was used to compare survival rates between the three time periods. 5 Crude and adjusted survival rates are reported separately by time period only when the survival rate estimates show statistically significant differences over time, using a procedure that allows for multiple comparisons (p Ͻ 0.05/3 for simultaneous confidence intervals [CIs] ).
Because patients with GBMs constitute the largest number of cases and exhibit the poorest survival time, estimates of overall survival rates for all patients with CNS tumors are primarily driven by this histological type. To evaluate whether patients with tumors of the histological types used in this analysis had a different survival pattern from patients with GBM, a Cox proportional hazards regression model was used. The survival rates of patients harboring each histological type reported show statistically significant differences compared with survival rates of patients with GBM.
To provide for a comparison with the clinical literature, the median length of survival for patients harboring each histological type, controlling for patient age and year of diagnosis, was estimated using a proportional hazards regression model. We estimated survival as a function of patient age and year of diagnosis within each patient agetumor type group and used linear interpolation to estimate the median survival from each model, given the average year of diagnosis within each age group and the average age at diagnosis within each age group. The median survival time is the point in time when the survival rate is 0.5, with 50% of the patients having died and the other 50% remaining alive. Median estimates are based on the most recent decade of cases (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) to reflect the therapeutic improvements that have been made over time and yet allow an adequate sample size to provide reasonably robust estimates. The median survival times were not reported in groups in which fewer than 20 deaths were observed and they could not be computed when the survival rate was greater that 0.5 at the last time interval observed. This affected estimates in the youngest age group, in which the survival rate for patients with astrocytoma was 0.68 at 110 months, that for patients with medulloblastoma was 0.55 at 92 months, and that for patients with other brain diagnoses was 0.60 at 109 months. This also affected estimates in the 21-to 64-year age group, in which the survival rate for patients with ependymoma was 0.57 at 102 months.
We estimated survival curves over 10 years for the most recent decade of cases (1981-1991) for those histological tumor groups with an adequate sample size, using a Cox regression model. Survival curves were compared between male and female patients, adjusting for age at diagnosis; within tumor histological type and patient age groups; and also within year of diagnosis groups when appropriate. Table 1 displays the distribution of tumors and observed deaths across 12 types of tumors within each of three patient age groups (≤ 20 years, 21-64 years, and ≥ 65 years). The distribution of tumor type varies across patient age. Astrocytomas tend to predominate in younger patients, whereas GBMs tend to predominate in older patients. Medulloblastomas constitute almost one-sixth of all tumors in children, but are rare in adults. Table 2 shows those patient age-tumor types that exhibited statistically significant differences in mean patient age at diagnosis over time. In patients younger than 65 years of age at diagnosis, there was a pattern of decreasing age at diagnosis over time, whereas in patients 65 years of age or older there was a pattern of increasing age at diagnosis over time. The largest differences in the mean age at diagnosis were in the nonspecific histological type categories. For these patient age-tumor groupings, subsequent tables (Tables 3 and 4 ) provide estimates adjusted for these age differences. This removes the effect of age differences at diagnosis in the survival estimates. Tables 3 and 4 show 2-and 5-year survival rates and 95% simultaneous CIs within each age group for each tumor type, as well as overall by patient age group and by time period. When statistically significant differences were not present across time intervals, we report a single estimate and a 95% CI for the entire period. For example, 78% of the children with astrocytoma survived 2 years and no statistically significant differences in survival rates were observed over the three time periods. When a statistically significant difference was present across time, we report three estimates, one for each time period. For example, the 2-year survival rates for adults with astrocytoma improved over time, with a statistically significant difference apparent from the 1970s to the 1980s. The survival rate of 32% (95% CI 0.31-0.33) in 1973 through 1980 increased to 37% (95% CI 0.36-0.38) in 1981 through 1985. This difference is statistically significant as evidenced by the CIs: the upper boundary of 0.33 (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) and the lower boundary of 0. 36 (1981-1985) do not overlap. Although the survival rate of 39% (95% CI 0.38-0.41) in the latest time interval (1986) (1987) (1988) (1989) (1990) (1991) is an increase over the previous time period, this is not a statistically significant difference, as evidenced by the CIs: the upper boundary of 0. 38 (1981-1985) overlaps the lower boundary of 0. 38 (1986-1991) . These estimates are adjusted for patient's age at diagnosis and are indicated in the tables to distinguish them from estimates that did not require adjustment for age at diagnosis.
Results
There is a statistically significant difference between the survival rates for the GBM group and the survival rates for each other histological group reported (data not shown).
There was a strong gradient in survival rates by patient age, as demonstrated in Fig. 1 for 5-year rates. Those patients diagnosed at younger ages had at least threefold higher survival rates than those diagnosed at older ages.
There were statistically significant improvements in survival rates by time period for patients with astrocytoma, medulloblastoma, and oligodendroglioma (Tables 3  and 4 ). Improvements in the survival rates for patients with medulloblastoma took place in the early 1973 to 1980 time period and seem to have leveled off in the most recent time period (Fig. 2) . There also were statistically significant improvements in survival rates for adults with astrocytoma and those with oligodendroglioma between the 1970s and 1980s (Fig. 3) . These improvements are not statistically significant between the 1981 and 1985 period and the 1986 and 1991 period.
Patients with GBM consistently exhibited the poorest survival rates across all three age groups. Although modest, the twofold improvement at 2 years from 0.03 to 0.06 over time is encouraging. Improvements in 5-year sur- † Rates are adjusted for mean patient age at diagnosis.
vival rates for patients with GBM are statistically significant; however, the rate increases are trivial. The statistical significance is an artifact of the large number of cases included and the changes in 5-year rates do not seem to have clinical meaning. There were no apparent improvements in survival over the three time intervals among other histological groups: pilocytic astrocytoma, mixed gliomas, other gliomas, other CNS tumors, and unspecified CNS tumors (Tables 3 and 4) . Table 5 shows estimates of median survival times within patient age-tumor groups stratified by mean ages at diagnosis of 8.7 years for children, 46.2 years for younger adults, and 73.2 years for older adults and a mean year of diagnosis of 1986. A pattern of declining median duration of survival is apparent across the three patient age groups for all the tumor types reported. Children with medulloblastoma and adults with oligodendroglioma have the most favorable median survival times. Figure 4 shows entire survival curves for selected patient groups by tumor type based on data from 1981 through 1991. The long-term prognosis for patients with pilocytic astrocytomas is clearly the best; the long-term prognoses for patients with medulloblastoma, oligodendroglioma, or ependymoma appear similar to each other and are intermediate between those for patients with pilocytic astrocytoma and those with astrocytoma. In contrast, few patients with GBM survive beyond 2 years.
Comparing survival curves across gender, a statistically significant higher risk was found for selected groups (patient age and time of diagnosis) of males with astrocytoma and medulloblastoma. For patients with astrocytoma this increased risk appeared in men aged 21 to 64 years who were diagnosed between 1981 and 1985 (RR = 1.26, p = 0.0003) and 1986 and 1991 (RR = 1.22, p = 0.0115) and in men aged 65 years and older diagnosed from 1986 to 1991 (RR = 1.21, p = 0.0214). A higher risk in male than female patients was observed for patients 20 years of age or younger who were diagnosed with medulloblastoma between 1973 and 1980 (RR = 2.04, p = 0.0001), but this was not apparent in patients who were diagnosed in more recent years. A statistically significant higher risk was found for female patients 20 years of age or younger who had tumors in the "other glioma" category over the entire time period (RR = 1.32, p = 0.0436).
Discussion
These results indicate that overall survival rates and rates for patients with three specific histological types of malignant primary brain tumors-astrocytoma, medulloblastoma, and oligodendroglioma-have improved among the SEER registry areas over the last two decades and that this improvement is not due to a shift to younger
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Brain cancer survival over time 5 age of the patient at diagnosis. Because these data are population based, this pattern suggests that patients are being diagnosed at an earlier stage of disease or that improvements in treatment have, at least partially, been transferred from research settings to the general population. Improvements noted in 5-year survival rates for patients with medulloblastoma are an extension of those reported by Polednak and Flannery 32 and are similar to populationbased estimates in Australia. 9 Although the survival rates improved over all three time periods, the greatest improvements are apparent in the earliest time period (1973) (1974) (1975) (1976) (1977) (1978) (1979) (1980) . Recent leveling off has been reported in some regions 9 but not in others. 36 Improvements in survival rates have been reported in the Canadian population (for patients Ͻ 65 years of age), 22 and for children in Italian 26 and Swedish 19 populations. In the United States, data on all brain and nervous system tumors in children (0-14 years) show 5-year survival rates that increased rapidly from 35% in the 1960 to 1963 period to 55% in the 1974 to 1976 period. This overall survival rate in children appears to have stabilized at 56% in the 1980 to 1985 period 6 and at 62% in the 1986 to 1991 period according to data reported here.
If the newer diagnostic techniques introduced in the 1970s identify tumors at an earlier age, survival rates could be artificially increased. This potential lead time bias was partially addressed by controlling for the mean patient age at diagnosis across the three time intervals for those tumor types and age groups in which changes were apparent. It appears that less invasive diagnostic procedures are being used to detect some types of brain tumors at an earlier age. If diagnosis at an earlier age also reflects diagnosis at an earlier stage of disease, the survival improvements reported here may reflect treatment taking place at an earlier stage of disease or improvements in the therapy itself. In contrast, it appears that these diagnostic tools are being used increasingly among older patients because the mean age at diagnosis among the elderly is rising, although survival rates are not showing a corresponding improvement.
The pattern of decreasing survival rates with increasing age of the patient across many tumor types has been noted in numerous clinical 3, 4, 18, 30, 35, 38 and population-based studies. 14, 20, 21, 23, 34, 36, 37 Responses to both radiotherapy 13 and chemotherapy 11 have been correlated with age of patients and are thought, at least partially, to explain the importance of age in the prognosis for patients with some tumor types. In these data, the pattern of improvements in survival rates varied by tumor type and by patient age. Patients with medulloblastoma showed survival improvements in the pediatric population, whereas improvements for patients with astrocytoma or oligodendroglioma were limited to the adult population. Little to no improvement was apparent based on tumor type in the older adult, or Medicare, population. However, the crude survival rates reported here do not adjust for competing causes of death or life expectancy, refinements that may be important to the interpretation of rates in the older population.
The absence of variation in survival rates of patients when compared by gender for most of the tumor type groupings in these data is consistent with other population-based studies of malignant primary brain tumors. 20, 33, 34 The magnitude of the statistically significant differences found when comparing groups by gender for astrocytoma and other gliomas appears to be modest. Whether this discrepancy reflects differences in biological processes or differences in health care may require further investigation. Gender differences in survival have previously been reported for nonmalignant brain tumors. 33 The improvement in survival rates for patients with medulloblastoma is substantial, with 5-year survival rates increasing 20% from the 1970s to the 1980s for all age categories. In the early 1970s, patients with this type of tumor survived a median of 8 to 15 months after the onset of symptoms, 40 a much lower figure than the median survival time (74 months) observed here for adult patients in the 1980s. Over the past decade, numerous clinical trials have shown improvement in survival rates for children with medulloblastoma who have been treated with craniospinal radiation and, more recently, for patients treated with a combination of radiation therapy and chemotherapy. Other population-based studies have reported improved survival in children with medulloblastoma, 26 although in one study that controlled for therapy the decade of treatment was not an independent prognostic factor.
13 Two-and 5-year survival rates for children with medulloblastoma leveled off in the 1980s, which may
Brain cancer survival over time indicate that optimum therapeutic practice has reached the general population and no further gains can be expected until new treatments are devised. This leveling of survival rates is an extension of that reported in a previous analysis of SEER data, which was restricted to patients between 0 and 14 years and to the time period 1973 to 1987. 27 Because medulloblastomas are a common pediatric brain tumor, this prognostic improvement is important to the overall survival pattern of patients with pediatric brain tumors.
Although improvements in survival rates for patients with ependymoma are not statistically significant, they are encouraging. The location of ependymomas within the brain makes them difficult to remove surgically, and a good survival outcome depends on achieving a complete resection of tumor. 28 During the past 20 years surgical advances have enabled neurosurgeons to achieve a total removal of tumor in an ever increasing percentage of patients. Improvements in survival rates over time are apparent among younger adults for two major gliomas-astrocytomas and oligodendrogliomas-that are primarily treated with surgical resection. However, some studies have not shown this improvement in survival, 36 and the lack of improvement in survival rates among pediatric patients with astrocytoma is consistent with that reported in the United Kingdom between 1954 and 1984. 16 The improvement noted here takes into account the decreasing mean patient age at diagnosis, but does not directly address the stage of disease, technical improvements in surgery, and/or changes in tumor classification. The diagnostic criteria for lower grade astrocytomas have been more clearly outlined in the last decade and cases that were previously undiagnosed or classified as unknown histological composition may now be classified as astrocytomas. Patients with lower grade tumors have a better prognosis than those with higher grade tumors; therefore, their inclusion may artificially improve survival estimates. Although grade is not consistently recorded for astrocytic tumors, the 5-year survival rates for patients with specified pilocytic astrocytomas are consistent with at least one recently published clinical series. 18 The inability to separate out patients with low-grade astrocytomas and those with anaplastic astrocytomas with any confidence in this data set is a clear limitation. Patients with oligodendroglioma are generally thought to have a better prognosis than patients with astrocytoma, 2 a pattern that is not apparent in these data. This suggests that known classification problems and/or diagnostic biases may be present. It is also possible that therapeutic advances in the treatment of oligodendrogliomas have not fully reached the general pediatric population.
The improvement noted at 5 years for patients with GBM is a statistical artifact reflecting the large number of patients with this tumor type and has little clinical relevance. Clinical trials do not show improvements in longterm survival for patients with GBM, and very few of these patients survive 5 years. Although the modest twofold improvement over time (from 0.03 to 0.06) at 2 years is encouraging, the reason for this is unclear, and innovative and effective new therapies are needed for these intractable tumors.
The lack of improvement in survival rates for older adults suggests that the pattern of increasing mortality rates over time 7 reflects increasing incidence rates that are not distorted by varying survival rates among this age group. The reason for the increase in mortality rates has been a source of controversy and likely involves improvements in both diagnostic and reporting procedures, as well as a real increase in incidence. 8, 25, 31 The increasing mean patient age at diagnosis is not followed by a corresponding improvement in survival among the older age groups.
These data on survival rates are important because they are population-based estimates rather than estimates based F. G. Davis, et al. on referral populations, and they reflect the combined results of all medical practices in the SEER regions, controlling for changes in the mean patient age at diagnosis. These results reflect the medical experience of approximately 10% of the United States population, which has been oversampled for ethnic and rural populations. 10 In contrast, rates reported from surgical series or clinical trials reflect only what can be achieved under ideal therapeutic conditions with patients willing to undergo aggressive treatment; such results are not likely to be representative of the general population and may represent a biased patient population. 17, 39 Furthermore, the results of the current study span an important 18-year period in which diagnostic and therapeutic practices changed significantly. 1, 12 These data are limited to primary malignant brain tumors. The exclusion of benign tumor types, the most common being meningiomas and acoustic neuromas, depresses the overall estimate of survival for patients with primary brain tumors. For example, population-based 5-year survival rates for all patients with benign and malignant tumors in Victoria, Australia are 37% in males and 52% in females 33 in contrast to estimates of 25% in males and 26% in females based on these data restricted to malignant tumors.
Conclusions
Clinically significant improvements in survival of patients with brain tumors have taken place in the last two decades overall and for patient subpopulations with medulloblastoma. Improvements in survival rates for patients with astrocytoma or oligodendroglioma were also apparent among adults. These improvements are not explained by a shift in the patient age at diagnosis over time and suggest that therapeutic advances made in the research setting are being applied in the community setting. Modest gender differences in survival were apparent for patients with astrocytomas and other gliomas. A pattern of declining survival rates with increasing patient age at diagnosis was evident for all those with nonpediatric tumor types. Although these results are encouraging, further gains in survival rates at the population level can be expected over time only if therapeutic improvements continue. Glioblastoma multiforme, the most common primary brain tumor, remains intractable, although 2-year survival rates for patients with these tumors have improved twofold. * Estimates were made using a mean age at diagnosis of 8.7 years for children, 46.2 years for young adults, and 73.2 years for older adults, and a mean year of diagnosis of 1986. In categories in which less than 20 deaths were recorded, the number of deaths is shown in parentheses. NC = median could not be computed.
